A facile, low cost, and relatively environmental friendly method was presented for the fabrication of superhydrophobic surface on carbon steel substrate. The superhydrophobic surface was obtained by zinc electrodeposition and chemical modification with ethanolic stearic acid. The wettability of the superhydrophobic surface was measured by a water contact angle (WCA) with a highest value of 155.7•. The morphology of the fabricated film was characterized by scanning electron microscopy (SEM). The chemical composition of the fabricated surface was analysed by energy dispersive spectrometer (EDS) and fourier transform infrared spectroscopy (FTIR), respectively. The corrosion resistance of the carbon steel substrate was measured by potentiodynamic polarization test in 3.5 wt% NaCl solution. The electrochemical measurements show excellent corrosion resistance, which may have promising applications in anticorrosion of carbon steel.
Introduction
Carbon steel, a common kind of metallic material, has been widely used in many applications such as architectural engineering, bridges, railways, vehicles, ships and various machinery manufacturing industries and other areas owing to its outstanding mechanical performance, low cost, perfect electrical conductivity and so on [1, 2] . Due to the high chemical reactivity, carbon steel was easy to be corroded in a wet environment, causing lots of economic losses and security issues [3] . To reduce these problems, zinc was usually used to protect steel from corrosion by electrodeposition [4, 5] . At present, the galvanizing process is still one of the most economic and efficient technology for carbon steel protection. However, chromic acid salt was usually used for passivation of zinc to improve the performance of corrosion resistance, which may cause critical problems in environment [6] .
In recent years, superhydrophobic surface technique have been extensively developed and applied in the selfcleaning [7] [8] [9] , oil-water separation [10] [11] [12] [13] and anticorrosion [14] [15] [16] . Generally, the superhydrophobic surface possess a water contact angle (CA) more than 150° and a sliding angle (SA) lower than 10°, which can be commonly found from lotus leaf, butterfly wings and mosquito eyes in nature [17] [18] [19] . These superhydrophobic states grant excellent anti-corrosion properties to the metal material that has attracted our great interest. In this work, superhydrophobic surface was fabricated on carbon steel via chemical modification after zinc electrodeposition. This kind of method was simple and did not require complex instruments. Moreover, the fabricated film shows excellent anticorrosion and the entire process of fabrication was relatively environmental friendly without any toxic substances. Therefore, the developed method will be one of the best substitute technologies for the traditional passivation of galvanized zinc.
Experiment
Carbon steel (Q235), purchased from Baosteel Group Corp., and was clipped into pieces of 200mm×150mm × 2 mm as samples. Zinc chloride, potassium chloride, boric acid and stearic acid with analytical grade were obtained from Sinopharm Chemical Reagent Co.,Ltd).
To remove the iron rust and other oxide film, the substrates were polished by sand paper with different mesh number of 400, 800, 1200, and 2000 successively and cleaned with acetone, ethanol, deionized water orderly and then air dried. The carbon steel and a 300mm×20mm×2mm pure Zinc has been chosen as cathode and counter electrode, and 120g/L zinc chloride, 60g/L potassium chloride, 15g/L boric acid aqueous solution has been chosen as electrolyte. In the electrodeposition, a direct current power was used to supply a constant current with the bath voltage of 4.0V at room temperature for 20 min. After the electrodeposition, the treated carbon steel substrates were cleaned with deionized water and dried with cold air, followed by immersion into 0.05 mol/L stearic acid. Then the pieces were dried at 105 °C for 1h, the superhydrophobic Zn surface on carbon steel was obtained.
The wettability properties of the prepared superhydrophobic substrates were measured by a contact angle analyser (JCY-2, Shanghai FangRui Instrument CO,.LTD) with 5μL water droplet at room temperature. All the results were taken from the mean of the five different measurements. The morphologies of the superhydrophobic film were characterized by scanning electron microscope (SEM, Carl Zeiss sigma300, Germany) with an energy dispersive spectrometer (EDS). The chemical composition of the surface was characterized by a Fourier transform infrared spectroscopy (FTIR, Nexu Thermo Fisher Scientific Inc. USA). The corrosion resistance of the samples was investigated by potentiodynamic polarization curves at a scan rate of 1 mV/s and potential from -250 mV to +250 mV vs Open Circuit Potential, which were carried out using by Gamry Reference1000 (USA). All the electrochemical experiments were measured in 3.5 wt% NaCl aqueous solution at a room temperature.
Result and discussion

The morphology of the fabricated film
As is well known, the excellent superhydrophobic properties of the substrate depend on its special microstructure and compositions, corresponding to the phenomena of "Capillarity" and "Cushion effect" [20] .
Figs. 1a-1c shows the SEM images of bare carbon steel, carbon steel with electrodeposited Zn and superhydrophobic Zn surface. An approximately smooth flat surface has been shown in Fig.1a . Compare to Fig.1a , it was clear seen from Fig.1b and Fig.1c that a rough surface has been fabricated in the substrate on account of large amounts of electrodeposited protrusive Zn microparticles. Thus, we may find several micron sized hills and valleys in Fig.1b and Fig.1c . Along with the amplification, it may be found from Fig.1d and Fig.1e that multiple nanosized embossments exist on the surface. The fabricated mironano structures allow air to be trapped within the surface, which can effectively prevent water drop from the substrate. Fig.1f shows the photograph of carbon steel after Zn electrodeposition and modification with steric acid. The water on the surface are all of sphere shapes, that revels the successful superhydrophobic fabricated on the carbon steel substrate.
The composition of the fabricated film
The composition of the pure carbon steel and samples after electrodeposition and modification was analysed by EDS and FTIR, and results were shown in Fig.2 and Fig.3 . It may be seen from Fig.2a that the carbon steel was mainly composed of element C and Fe with small amount of O, which may be owing to the steel oxidation. Fig.2b shows that the carbon steel was completely covered by Zn after electrodeposition. Compared to Fig.2b , the Zn surface after modification in Fig.2c contained the additional element C and O, revealing that the stearic acid has successfully assembled to the surface. Fig.3a and Fig.3b show the FTIR spectra of carbon steel after Zn electrodeposition and carbon steel after Zn electrodeposition and modification with stearic acid in the range of 4000 to 500 cm -1 , respectively. We may find an approximate smooth curve in Fig.3a with unnoticeable absorption peak. Compared to Fig.3a , an obvious series of absorption peaks were detected and shown in Fig.3b . In the high frequency region, the peak at around 2916 and 2847 cm -1 correspond to the methyl and methylene stretching vibration absorption peaks of stearic acid, respectively [21] . The significant peaks present at 1537 and 1468cm −1 was also observed, assigned to COO− groups of CH 3 (CH 2 )COO-on the carbon steel after Zn electrodeposition and modification with stearic acid. It is further indicated that the stearic acid had successfully assembled on this Zn coating surface, which contributed to the decrease in the surface energy of this coating. 
The effect of current density on the wettability of the fabricated film
In order to study the effect of current density on the wettability of the superhydrophobic Zn surface, the carbon steel was electrodeposited with a constant bath voltage of 4.0V for 20 min under different current density, and all the results were shown in Fig.4 . It can be seen from Fig.4 that the water contact angle of the fabricated surface increases significantly with the enhance of current density, and reaches the highest value of 155.7° when the current density added up to 5 A/dm 2 . After that, the water contact angle decreases slowly with the growing current density. It can be concluded that the electrodeposition current density was an important factor that affects the superhydrophobic performance. 
The corrosion property of the fabricated film
In order to evaluate the corrosion property of the prepared samples, the potentiodynamic polarization tests on bare carbon steel, carbon steel after Zn electrodeposition and superhydrophobic Zn surface were investigated in 3.5wt% NaCl aqueous solution. All the experimental data were plotted in Fig.5 . The corrosion potential (Ecorr), the corrosion current intensity (I corr ) and the corrosion rate (v corr ) were obtained from the polarization curves in Fig.5 according to Tafel extrapolation. The protection efficiency (η) of carbon steel after Zn electrodeposition and superhydrophobic Zn surface were calculated by the equation [22] : η =(I corr -I' corr )/ I corr ×100% (1) Where I corr was the corrosion current of the bare carbon steel, I' corr presents the corrosion current of carbon steel after Zn electrodeposition or superhydrophobic Zn surface. In addition, the polarization resistances (R) was calculated using by Stern-Geary equation [23] : From Table 1 we may find that the corrosion potential of carbon steel after Zn electrodeposition was lower than bare carbon steel, which means an easier corrosion for Zn. The result verifies that carbon steel can be protected by sacrificial anodes of Zn. The corrosion potential of electrodeposited Zn was increased from -1090 to -941 mv after modification with stearic acid, which means a fewer degree of corrosion of superhydrophobic Zn surface. , which was nearly 4.3 times of the bare carbon steel and 3.3 times of the electrodeposited Zn surface without modification. From the above, the superhydrophobic Zn surface has the best corrosion protective properties from various corrosion parameters, which has great potential applications in the field of carbon steel protection.
Conclusion
In this work, a method of fabrication of superhydrophobic surface on carbon steel substrate by Zn electrodeposition and chemical modification with stearic acid has been presented. SEM results show that the superhydrophobic property was caused by the fabrication of mico-nano structure. The asprepared superhydrophobic Zn surface can exhibit excellent reversible wettability controlled by changing electrodeposited current density. In addition, potentiodynamic polarization test shows the superhydrophobic Zn surface has the best anticorrosion property compared with bare carbon steel and the electrodeposited Zn surface without modification. The established method was facile, low cost, and relatively environmental friendly, and can be suitable for the protection of carbon steel.
